MHC
1 class I molecules consist of a highly polymorphic transmembrane heavy chain that is non-covalently associated with a light chain, ␤ 2 -microglobulin (␤ 2 m) (1) . Peptidic fragments of self-or non-self-proteins are loaded on MHC class I molecules in the endoplasmatic reticulum, followed by transport to the cell surface. Recognition of these peptide-loaded MHC molecules (pMHC) by cellular ligands such as T-cell receptors (TCR) triggers an immune response. Despite their inherent cross-reactivity (2), TCR must be able to discriminate between foreign antigens and the huge number of self-peptides to avoid autoreactivity. The biological activity of T-cells has been correlated with pMHC-TCR binding kinetics (3) (4) (5) , but a comprehensive link between T-cell activation or desensitization with structural features of the TCR or pMHC has still not been established (5) (6) (7) (8) (9) . To solve this puzzle, a closer look at the underlying dynamical processes at the atomic level is mandatory (5, 6) .
To that aim, we have combined site-directed fluorescence labeling, picosecond time-resolved fluorescence depolarization, and molecular dynamics (MD) simulations. Two human leukocyte antigen (HLA) class I subtypes were compared, which are differentially associated with the autoimmune disease ankylosing spondylitis (AS). HLA-B*2705 and B*2709 differ only in one amino acid at position 116 at the floor of the peptide binding groove (Asp-116 in the AS-associated subtype B*2705 and His-116 in the B*2709 subtype, which lacks the AS association) (10) . High resolution x-ray structures of the soluble ectodomains of both subtypes in complex with the peptide m9 (GRFAAAIAK) have been determined previously and are virtually indistinguishable (11) . We demonstrate here that the dynamics of this peptide varies dramatically between the subtypes, and a pronounced peptide flexibility is seen only for one of the subtypes. The differential peptide flexibility explains the difference in the entropic component of the free energy between the subtypes at physiological temperature, suggesting an entropic control of peptide recognition. Additional thermodynamic data for two self-peptides support this hypothesis.
EXPERIMENTAL PROCEDURES
Protein Preparation-Complexes of HLA-B27 with the model peptide m9, and the self-peptides TIS and pVIPR, were prepared as described previously (11) . The m9-C6-LY (GRFAAC(LY)IAK), TIS-C6-LY (RRLPI C(LY)SRL), and pVIPR-C8-LY (RRKWRRWC(LY)L) peptides were from Biosynthan. HLA complexes were refolded from 6 M urea in the presence of the respective peptide. After size exclusion chromatography, the concentrations of the HLA-B27:peptide complexes in 10 mM phosphate buffer, pH 7.5, 150 mM NaCl were adjusted for the experiments using the absorption band of Lucifer Yellow ( max ϭ 426 Ϯ 2 nm) to A 426 ϭ 0.02 OD. The fluorescence emission maximum of Lucifer Yellow covalently bound to the peptides is max ϭ 532 Ϯ 1 nm.
Time-resolved Fluorescence Spectroscopy-The fluorescence anisotropy decays were measured employing a tunable Ti:sapphire laser/ microchannel plate based single-photon counting apparatus with pico-second time resolution (12) . The fluorescence decay profiles (I ʈ (t) and I Ќ (t)) and the time-resolved anisotropy as given by the following equation,
were analyzed using the software package Global Unlimited V2.2 (Laboratory for Fluorescence Dynamics, University of Illinois). The time course of the fluorescence (supplemental Fig. S1 ) was fitted with a sum of exponentials (Equation 2).
The anisotropy decay was fitted with the model function (Equation 3) .
The instrumental response function of the system was ϳ40 ps (FWHM) at a channel width of 5 ps.
Thermally Induced Peptide Dissociation and HLA-B27 Complex Unfolding-The mole fraction of bound peptide molecules and the fraction of peptides free in solution were monitored directly by steady-state anisotropy, as the fluorescence quantum yield of the attached fluorophore did not change upon peptide binding for m9-C6-LY (supplemental Fig. S2 ). For pVIPR, the fluorescence quantum yield of Lucifer Yellow changes upon peptide dissociation and the change in fluorescence intensity was used to follow peptide dissociation.
The anisotropy data were fitted to the following equation using the least square method assuming a two-state transition (13) , HLA-B27 complex unfolding was followed by the change in the tryptophan fluorescence intensity at the blue (320 nm) and red (360 nm) side of the tryptophan emission band. T m was determined from the first derivatives of the denaturation curves. Comparison of the T m from tryptophan fluorescence with the T m for unfolding determined by CD (14) shows a good agreement for B*2705:m9 (CD: ϳ63°C) and for B*2709:m9 (CD: ϳ49°C), indicating that the modification with Lucifer Yellow does not change the thermodynamic properties of the respective complex.
Molecular Dynamics Simulations-As start structures, HLA-B*2709 and HLA-B*2705 subtypes complexed with m9 were taken (Protein Data Bank entries 1K5N and 1JGE at 1.09 Å and 2.10 Å, respectively (11)). The simulations were performed in a periodic box (8.9 ϫ 8.3 ϫ 10.0 nm); the structures were solvated with 21,904 and 22,406 TIP4 (15) water molecules, corresponding to a water shell thickness of at least 1.4 nm around the protein, adding up to simulation sizes of more than 94,000 atoms (supplemental Fig. S3 ). Na ϩ Cl Ϫ ions (150 mM) were added to the simulation systems with access Na ϩ ions to compensate for the net negative charge of the MHC molecules.
The OPLS all-atom forcefield was applied (16) . All MD simulations were carried out using the Gromacs simulation suite (17) . Application of the Lincs (18) and Settle (19) methods allowed for an integration step size of 2 fs. Short range electrostatic interactions (distance Ͻ1 nm) between charge groups were calculated explicitly, and long range electrostatic interactions were calculated using the ParticleMesh Ewald Method (20) . The systems were coupled to an external temperature bath (21) of 310 K with a coupling time constant of T ϭ 0.01 ps separately for the protein and the solvent (including ions). The pressure was kept constant by a weak coupling to a pressure bath (21) with P ϭ 1 ps. Each simulation started with an energy minimization using a steepest descent algorithm (1000 steps) and was followed by simulations of 100-ps length with harmonic position restraints applied on all heavy protein atoms (force constant: 1000 kJ/mol/nm 2 ) to allow relaxation of the solvent molecules.
Estimation of Peptide Entropy from MD Simulation-The entropy of the m9 peptide bound to the MHC is estimated based on a quasiharmonic approximation of the absolute entropy (22) . The entropy S ϭ Ϫk B ͗ln͘ with the probability distribution for a harmonic oscillator is shown to yield an upper bound for the true entropy of the system. The generalization for many degrees of freedom reads Table S1 ) and their residues (insets) of LYIA (green) and peptidem9-C6-LY (red) (A), B*2705:m9-C6-LY (blue), and B*2709:m9-C6-LY (red) at 20°C (B) and at 37°C (C). Conditions: 10 mM phospate buffer, pH 7.5, 150 mM NaCl. The excitation was at 430 nm. The fluorescence emission was detected after passing through a cut-off color glass filter OG475. D, Perrin plot for the estimation of molecular volumes from the slowest rotational correlation time. The effective hydrodynamic diameter of 57 Ϯ 3 Å is in very good agreement with the average diameter of ϳ60 Å from the crystal structures (11) (inset). E, crystal (gray) and representative m9 conformations of three clusters from a principal component analysis (colored as described under "Results and Discussion") of HLA-B*2709:m9. F, projection of the HLA-B*2709 trajectory on the first two eigenvectors from the principal component analysis. Three distinct clusters can be identified (diamonds, X flags the x-ray structure). G, HLA-B*2709 in ribbon and in protein surface representations. Shown are two conformations of the m9 peptide (space-filled).
where denotes the mass-weighted covariance matrix,
which is computed from the MD trajectories.
RESULTS AND DISCUSSION
The dynamics and motional freedom of the bound m9 peptide, as well as the thermodynamic stability of the two differentially autoimmune disease-associated HLA-B27-subtypes B*2705 and B*2709 complexed with m9, were probed by timeresolved fluorescence depolarization using the fluorescent reporter group Lucifer Yellow iodoacetamide (LYIA) covalently bound to a cysteine introduced at position 6 of the m9 peptide (m9-C6-LY). Rotational correlation times of peptide motion were extracted from time-resolved fluorescence anisotropy decays (Fig. 1, A-C , and supplemental Table S1 ). The anisotropy decay of the fluorescent peptide complexed with the HLA-B27 subtypes at 20°C (Fig. 1B) can be best fitted by three correlation times, one reflecting the motion of the fluorescent dye (ϳ0.2 ns), a 2-ns component assigned to the bound peptide (described below), and a longer correlation time (ϳ17 ns) corresponding to the rotational motion of the whole complex. The fastest rotational correlation time (0.2 ns) agrees well with the rotational correlation time of Lucifer Yellow in solution (0.14 ns) (Fig. 1A) . The size of the molecule estimated from the viscosity dependence of the slowest rotational correlation time under the assumption of a spherical rotator yields an effective hydrodynamic diameter of d ϭ 57 Ϯ 3 Å for both subtypes, in very good agreement with the average diameter of about 60 Å obtained from the crystal structures (Fig. 1D) (11) . This result suggests that under our experimental conditions B*2705 and B*2709 complexes exist in a monomeric rather than in an oligomeric form (23) . The assignment of the fastest and slowest of the three rotational correlation times to the motion of the fluorescent dye itself and the whole complex, respectively, leaves only the 2-ns component (at 20°C) for the dynamics of the peptide. This correlation time is slower than the rotational correlation time of the peptide free in solution (0.64 Ϯ 0.03 ns; Table S1 ), likely due to interaction with the binding groove.
At 20°C no significant difference was seen between the two subtypes (Fig. 1B) . However, the respective peptide dynamics shows pronounced differences at physiological temperature (Fig. 1C) . Specifically, the peptide in the binding groove of the HLA-B*2709 subtype is more flexible than in B*2705:m9 as evidenced by the faster rotational correlation time of the peptide component with 2 ϭ 1.1 Ϯ 0.2 ns (B*2709:m9-C6-LY) compared with 2 ϭ 1.60 Ϯ 0.03 ns (B*2705:m9-C6-LY).
To obtain an atomistic interpretation of the measured enhanced mobility of the peptide we performed extended MD simulations of B*2705 and B*2709 with bound m9 (Fig. 2) . Indeed, the m9 peptide displays a dramatically enhanced flexibility when bound to B*2709, as can be seen from representative snapshots of the m9 conformations (Fig. 1, E and G) . The different conformational ensembles sampled by the peptide in the simulations are depicted in Fig. 2 . Whereas the conformational bundle is narrow in B*2705 ( Fig. 2A, top) , the simulations yield an exceptionally broad distribution of m9 conformations in the B*2709 subtype (Fig. 2B, top) . The subtypedependent conformational heterogeneity increases toward the C terminus of the peptide (compare Fig. 2, top) , with main chain atoms of pLys-9 and pAla-8 showing deviations of up to 7 Å around the B*2709 x-ray conformation, whereas the corresponding value for B*2705 is less than 2 Å (Fig. 2, bottom) . Thus, in the simulations at 310 K, the peptide bound to B*2709 gets partially untrapped at the C terminus. This contrasts with the small deviations (maximum 0.6 Å) of peptide residues between the crystal structures of the two subtypes, which were, however, obtained at 100 K (11) . Unlike the C terminus, the primary anchor residue pArg-2, which is common among HLA-B27 subtypes, remains tightly bound in both simulations.
The increase in peptide flexibility can be quantified by the root mean square fluctuations. The root mean square fluctua- Table 1) . Error bars represent at least five different measurements. Conditions were the same as described in the legend to Fig. 1, A-C tion of pAla-6 (Fig. S4) , the attachment position of the fluorescent dye, is 1.24 Ϯ 0.05 Å in B*2709:m9, compared with 0.71 Ϯ 0.03 Å in B*2705:m9, when averaging over 1-ns trajectory sections. Fig. 1E shows three representative conformations of the B*2709-bound m9 peptide (blue, occupation (oc) 66%; green, occupation 25%; and red, occupation 9%) sampled in the simulation (Fig. 2B) , derived from a principal component analysis (24) (Fig. 1F) , and the crystal conformation found in B*2709:m9 (gray). In addition to the large shift in the C-terminal pLys-9 with respect to the crystal conformation, we identified two conformations for pPhe-3 (Fig. 1e, blue/red and green) . However, the salt bridge of pLys-9 to Asp-77 of the ␣1-helix is only broken for one of the three peptide conformations (Fig. 1E, red) . This conformation is stabilized by a hydrogen bond between pAla-6 and Gln-155. In addition, a hydrogen bond between Lys-146 and the carboxyl oxygen of pLys-9 is retained. Thereby, pLys-9 imposes an increased flexibility also on the N-terminal part of the ␣2-helix (residues 137-150). A higher mobility of this domain is also seen in simulations of peptidefree HLA-B27 subtypes (data not shown) and in a normal mode analysis of peptide-free HLA-A2 molecules (25) . This suggests that the flexibility of the ␣2-helix in B*2705:m9 is restricted by firm anchoring of the pLys-9 side chain to the floor of the binding groove (Asp-116). This type of anchoring cannot be realized between pLys-9 and His-116 in B*2709:m9, which contributes to the observed flexibility. Several residues in the ␣2-helix including Lys-146 are highly conserved among HLA-A, -B, and -C antigens (26) , in line with the importance of this region for TCR binding (5, 6) .
The different flexibilities of the peptide and its binding grooves, as seen both in the simulations and in the timeresolved experiments, explain the measured entropy changes for the thermally induced peptide dissociation (Fig. 3A) . Assuming a two-state reaction, the steady-state anisotropy data in Fig. 3A yield the enthalpy change, ⌬H 0 , and entropy change, ⌬S 0 , for peptide unbinding (Table I ). The transition temperatures for m9 dissociation with 46 Ϯ 2°C (B*2709) and 65 Ϯ 1°C(B*2705) (Fig. 3, A and B, and Table I ), match those of the unfolding of the whole complex as deduced from the change in fluorescence intensity of the tryptophan emission band (Fig.  3B) . The second peak observed for B*2709:m9 (Fig. 3B ) is due to ␤ 2 m unfolding (14, 27) . At physiological temperature, the difference in T⌬S 0 between the subtypes is 311 Ϯ 20 kJ/mol, reflecting the entropic difference between B*2705 and B*2709 complexed with m9.
This difference in entropy is further explained by the simulations, from which the entropic contribution of the peptide was estimated using a quasi-harmonic approximation (22) . In the non-disease-associated B*2709 subtype, the entropic energy of m9 at physiological temperature is higher than in B*2705 by T⌬S ϭ 175 kJ/mol (Fig. 3C) , which is about 60% of the measured change. We attribute the remaining 40% of the loss in entropy upon peptide binding to the peptide-induced immobilization of the binding groove.
These results suggest an entropic control of peptide presentation. In particular, our study shows that virtually identical pMHC crystal structures (11) can exhibit drastic HLA subtypedependent dynamical differences, even though the subtypes are distinguished only by a deeply buried polymorphism. This differential flexibility of the HLA-B27 subtypes is due to a complex interplay between residue 116 polymorphism and the peptide displayed (Figs. 1C and 2 and Table I ). It is tempting to speculate that also the binding of TCR or other ligands on an effector cell to a pMHC must at least partly be controlled by the observed pMHC flexibility, influencing effector cell responses (3) .
To test this entropic control hypothesis, we obtained thermodynamic data also for two additional peptides, TIS (RRLPIF-SRL) and pVIPR (RRKWRRWHL) (28, 29) . Strikingly, for both LY-labeled self-peptides the change in entropy upon peptide dissociation from B*2709 is close to that for m9, whereas for the disease-associated subtype B*2705 the entropy changes are peptide-dependent (Table I ). The increased thermal stability of B*2705:pVIPR compared with B*2709:pVIPR is in agreement with the recently resolved crystal structures of B*2705:pVIPR and B*2709:pVIPR (30) , which show two distinct conformations of pVIPR. The non-conventional p6␣ conformation with an additional salt bridge between pArg-5 and Asp-116 was only observed for B*2705:pVIPR, suggesting an increased stability of this complex with respect to B*2709:pVIPR. As the entropy changes for B*2705 are never smaller than the corresponding values for B*2709, they imply MHC polymorphism-linked entropic thresholds, which distinguish peptide presentation by the two subtypes (Table I and Fig. 3 ).
In the case of HLA-B27, the existence of such entropic thresholds between the disease-associated and the non-associated subtype (Table I and Fig. 3 ) points to a possible connection with AS pathogenesis through differential development of HLA-B27-restricted T-cell repertoires in B*2705-and B*2709-positive individuals (29, 30) . Distinct repertoires against the self-peptide pVIPR have already been shown to exist in individuals with B*2705 or B*2709, respectively (29) . pVIPR evokes a specific cytotoxic T-cell (CTL) response that is higher in B*2705-positive AS patients than in healthy B*2705 controls, while such CTL responses have so far not been found in persons who are positive for B*2709. Subtype-dependent differential peptide dynamics might also be connected to the pathogenesis of other disease states. For example, the rate of progression to AIDS in human immunodeficiency virus-posi- tive patients (31) or the outcome of bone marrow transplants between unrelated individuals (32) are both associated with residue 116 polymorphism. Thus, the dissection of the subtypedependent peptide flexibilities provides a dynamical framework for unraveling the link between a class I molecule, e.g. HLA-B27, and autoimmune diseases. Taken together, our results demonstrate that the bound peptide and surrounding heavy chain residues in class I molecules exhibit a wide range of flexibilities, which are linked to MHC polymorphism. Enhanced peptide flexibilities, however, do not necessarily influence peptide binding affinities (33) . Recent findings suggest that peptide residues are mainly involved in pMHC-TCR complex stabilization, allowing efficient T-cell activation (34) . However, an optimal dwell-time range for the interaction of TCR and pMHC is crucial as well (3, 4) . In addition, a role of entropic effects for TCR binding has been assumed (35) . From x-ray crystallographic studies on bound and unbound states of the TCR (36, 37) and thermodynamic data, it was suggested that the loss in entropy upon binding was mainly due to pronounced conformational differences observed in the loops of TCR complementarity-determining regions (35) . Our results, however, demonstrate that also the bound peptide and surrounding heavy chain residues may exhibit pronounced flexibility. By entropically contributing to ligand binding and unbinding kinetics, the degree of pMHC flexibility can in particular control optimal T-cell recognition and activation via the half-life of the pMHC-TCR interaction (3-5, 34 -36) . We propose this entropic mechanism as the atomistic basis for the control of pMHC recognition.
